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For antiferromagnetically coupled Fe/Cr multilayers the low field contribution to the resistivity
ρDW , which is caused by the domain walls, is strongly enhanced at low temperatures. The low
temperature resistivity ρDW varies according to a power law ρDW (T ) = ρDW (0) − A T
α with the
exponent α ≃ 0.7 − 1. This behavior can not be explained assuming ballistic electron transport
through the domain walls. It is necessary to invoke the suppression of anti-localization effects
(positive quantum correction to conductivity) by the nonuniform gauge fields caused by the domain
walls.
PACS numbers: 75.60.-d,75.70.-i,75.70.Pa
Renewed interest in the domain wall (DW) contribu-
tion to the resistivity is stimulated by its relevance for
fundamental physics [1, 2, 3, 4, 5] and possible applica-
tions. Indeed, domain walls may strongly influence the
electrical noise and operation of magnetoelectronics de-
vices [6]. Although the number of DWs was controlled
and directly observed in Fe [5] and in Co films [3] at
room temperature, where DW formation is relatively well
understood, no clear picture has emerged allowing to
explain the results. The anisotropic magnetoresistance
(AMR) dominates the low field magnetoresistance and
complicates the extraction of the true DW contribution
to the resistivity [7]. In order to minimize the AMR
contribution, thin films with reduced magnetization and
special DW configuration have been studied [8]. Apart
from the ballistic contribution to the DW magnetoresis-
tance [9], quantum interference also affects the electron
transport through DWs [10, 11].
Antiferromagnetically (AF) coupled magnetic multi-
layers (MMLs) are systems with reduced magnetization
and consequently a strongly suppressed AMR. At high
temperatures, weak pinning of the DWs in the MMLs
is expected to suppress the DW magnetoresistance. For
fixed magnetic field the DW magnetoresistance should
emerge at sufficiently low temperatures where DWs be-
come strongly pinned and their configuration is not af-
fected by thermal fluctuations or by the applied electrical
current.
Here, we report on our detailed study of the low field
electrical resistivity in AF coupled Fe/Cr MMLs. The
well known giant magnetoresistance (GMR) in this sys-
tem is dominated by a realignment of the magnetization
direction in adjacent magnetic layers [12]. The presence
of DWs should result in an additional, small in-plane
magnetoresistance [13]. While the GMR is known to
saturate at low temperatures [14], the temperature de-
pendence of DW magnetoresistance is still a matter of
controversy. In order to separate the two contributions,
we performed a systematic study of the temperature de-
pendence of the resistivity in low magnetic fields. Our
main findings are that (i) the presence of DWs in an
AF coupled MML does not affect the resistivity at room
temperature, and (ii) at low temperatures the DW con-
tribution to the resistivity becomes positive and strongly
temperature dependent. We explain these observations
in terms of the suppression of positive quantum correc-
tion to conductivity (so called ”anti-localization” effect)
by the domain walls.
Epitaxial [Fe/Cr]10 multilayers with 10 bilayers are
prepared in a molecular beam epitaxy system on MgO
(100) oriented substrates held at 50 ◦C and covered with
an approximately 10 A˚ thick Cr layer. The thickness of
the Fe layer was varied between 9 and 30 A˚, while the Cr
layer thickness (typically 12 to 13 A˚) corresponds to the
first antiferromagnetic peak in the interlayer exchange
coupling for the Fe/Cr system [15] and produces a max-
imum GMR which is about 20% at 300K and 100% at
4.2K. A commercial cryogenic system (PPMS, Quan-
tum Design) was used to measure magnetization, mag-
netic susceptibility, and electrical resistance with a stan-
dard four-probe ac method at a frequency of 321Hz with
currents ranging between 15 and 50µA. The magnetic
fields created by these currents are well below 0.1Oe and
do not affect the DWs. The magnetic field dependence
of the susceptibility along different crystallographic di-
rections as well as the low residual resistivity (typically
less than 13µΩcm at a saturation field of 1T) confirm
the good epitaxial growth of our MMLs. Magnetization
measurements at 4.2K reveal that the antiferromagnetic
fraction (1 − Mr/Ms), with Mr and Ms the remanent
and the saturation magnetization, respectively, exceeds
80%. This indicates that bilinear AF coupling dominates
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FIG. 1: Room temperature and low temperature normalized
magnetoresistance ρ(H)/ρ(150Oe) for an [Fe(12 A˚)/Cr]10
multilayer with the current I parallel to the field H and par-
allel to the (110) direction. The inset shows a typical MFM
image (8×8µm2) of AF coupled [Fe/Cr]10 multilayer at 4.2K
over biquadratic exchange coupling [16]. The existence
of a small non-compensated magnetic moment may allow
DW motion in our artificial antiferromagnet.
The inset in Fig. 1a shows a typical magnetic image
of an AF coupled Fe/Cr MML at T = 4.2K (image
size is 8× 8µm2) using a home-built cryogenic magnetic
force microscope (MFM) [17]. The MFM picture, which
”feels” magnetic contrast, reveals different irregularly
shaped domain walls (which is a characteristic feature of
strong AF coupling [12, 18]) with micrometer dimensions.
While our MFM measurements reveal a similar domain
structure at room temperatures, the magnetoresistance
curves, which are shown in Fig.1, are very different. The
low field magnetoresistance is strongly enhanced at low
temperatures. The susceptibility data point towards a
weak pinning of the DWs at room temperature and a
strong pinning at low temperatures [19].
Figure 2a shows the temperature dependence of the
electrical resistivity ρ for an [Fe(12 A˚)/Cr]10 MML for
different magnetic fields (|H | ≤ 300Oe). The magnetic
field is applied in the plane of the film and is parallel
to the current as well as to the longer side of the rect-
angular (5× 25µm2) sample which is directed along the
(110) axis. For |H | > 100Oe the ρ(T ) dependence re-
veals a metallic behavior, while for |H | ≤ 100Oe there
appears a shallow minimum in the ρ(T ) curves. We note
that in the ρ(T ) curves measured after crossing zero field
there appear aperiodic peaks when the applied current
is smaller than 20µA, which correspond to an intrinsic
noise process in the sample. The peaks, which can be
linked to Barkhausen noise, gradually disappear when
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FIG. 2: (a) Temperature dependence of the resistivity for
[Fe(12 A˚)/Cr]10 multilayer in different magnetic fields. Both
the field and the current are along the (110) axis. (b) Temper-
ature dependence of the DW contribution to the resistivity.
ρDW = ρ(T,H)− ρ(T,HS) determined from the data shown
in (a) for HS = −300Oe. The solid lines correspond to the
fits which are described in the text.
doubling the electrical current or when the absolute value
of the magnetic field exceeds 300Oe [20].
A straightforward way to determine the magnetore-
sistivity of the DWs is to subtract the temperature de-
pendences of the resistivity measured in the presence
and in the absence of DWs, respectively. However, the
magnetic field H0S which guarantees nearly uniform Ne´el
vector along the external field (according to our mag-
netic susceptibility data 300Oe <
∣∣H0S∣∣ < 1000Oe), not
only sweeps the DWs out of the sample, but may also
change the angle of the magnetization between adjacent
magnetic layers from the antiparallel alignment (GMR).
In order to separate the magnetoresistivity induced by
the GMR effect from the magnetoresistivity induced by
the DWs, we define ρDW = ρ(T,H) − ρ(T,HS) with
|HS | ≤ 300Oe. Although this method may underesti-
mate the magnetoresistivity of the DWs because not all
domains will be removed by the applied field HS , the
method provides a possibility to determine the tempera-
ture dependence of the DWmagnetoresistivity. In Fig. 2b
we show ρDW (T,H) between 1.9 and 100K for different
3magnetic fields ranging between −200Oe and zero field
for HS = −300Oe. We find that, in contrast to the
GMR, the DW magnetoresistivity is strongly tempera-
ture dependent with no sign of saturation at low temper-
atures.
Assuming that the magnetic field mainly changes the
effective DW concentration nDW [21], we expect ρDW
to scale according to ∆ρDW = ρDW (0) − ρDW (T ) ∝
nDW (H) ρ
0
DW (T ) with ρ
0
DW (T ) a function describing the
temperature dependent electron interaction with DWs.
Determined in this way ρ0DW (T ) which is independent
of the choice of HS as long as |HS | ≤ 300Oe. Our
data analysis reveals that the DW resistivity is roughly
given by ∆ρDW ∼ nDW (H) · T
0.7 (Fig. 3a) illustrates
the scaling ∆ρDW ∝ T
0.7 for different magnetic fields
|H | < HS = −300Oe for temperatures between 1.9K
and 25K. For comparison we also show the qualitatively
different temperature scaling for the GMR (see dashed
line in Fig. 3a). The vertical bar in Fig. 2b estimates the
maximum influence of the GMR effect on our data. This
estimation was obtained from the temperature depen-
dence of the magnetoresistivity measured for two differ-
ent magnetic fields sufficiently large to remove all DWs.
In agreement with previous results [14, 22], both satura-
tion field and GMR are weakly temperature dependent
below 50K, GMR saturates as T 2 and changes in less
than 7%.
Next, we demonstrate that neither the AMR, which
depends on the relative orientation of the magnetization
and the current I, nor the ordinary magnetoresistivity
(caused by the Lorentz force), which depends on the rel-
ative orientation of I and the magnetic induction B, con-
tribute to ρDW . The upper curves in Fig. 3b correspond
to ∆ρDW (HS = −200Oe for the current parallel to (line)
or perpendicular to (circles) the magnetic field H applied
parallel to the (110) direction (see inset in Fig. 3a). If
the AMR affects the low field magnetoresistivity, its con-
tribution will be positive when the field is parallel to the
current and negative when the field is perpendicular to
the current [1]. It is, however, clear that ∆ρDW is almost
identical for both cases, indicating the AMR effects can
be neglected. The magnetic field dependence of the DW
resistivity is reduced when the field is applied along the
(100) axis (see lower curve in Fig. 3b). This probably re-
flects the presence of a crystal lattice induced anisotropy
in the potential barrier which pins the DWs. We have
obtained similar results with a slightly different scaling
of the low temperature DW magnetoresistivity for three
other AF coupled Fe/Cr samples with an Fe layer thick-
ness of 9, 22 and 30 A˚, respectively. The inset in Fig. 3b
shows the dependence of the scaling exponent α on the
Fe thickness. This may reflect a change of the exponent
p in the temperature dependence of the phase breaking
time τϕ ∝ T
−p/2 which should occur between the ”dirty”
( p = 3/2) and ”clean” (p = 2) limits [23].
A ballistic approach for the electron transport through
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FIG. 3: (a) Normalized temperature dependence of the DW
contribution to the resistivity. The data have been obtained
for magnetic fields: +100,+20, 0,−20,−100 and −200Oe.
nDW (H) is the concentration of domain walls, and the DW
resistivity has been determined for HS = −300Oe. The
dashed line corresponds to the GMR contribution which is ob-
tained from the ∆ρDW (T ) dependence for H = −500Oe with
HS = −1000Oe. The inset gives a schematic view of the
sample geometry. (b) Temperature dependence of the DW
contribution to the resistivity for an [Fe(12 A˚)/Cr]10 multi-
layer when H = 0 and for HS = −200Oe directed along the
(110) direction. The circles correspond to the case where the
field H is perpendicular to the current I , while the solid line
corresponds to the case where H is parallel to I . The open
squares give ρDW for H = 0, but with HS = −200Oe directed
along the (100). The inset illustrates the dependence of the
scaling exponent α on the Fe layer thickness.
DWs [9] requires that the mean free path ℓ in our epi-
taxial layers exceeds the DW width D with 20 < D <
200 nm for Fe/Cr/Fe trilayers [24]. Therefore, the condi-
tion for ballistic transport may only be fulfilled at suffi-
ciently low temperatures [25]. Although non-ballistic ef-
fects have not yet been incorporated into the theory [9],
we believe that they cannot account for the strong varia-
tion of ρDW down to 1.9K, because the mean free path is
expected to saturate at low temperatures. Moreover, the
strong pinning of DWs at low temperatures [19] implies
4that a distortion of the current lines by domain walls [1]
or a change of the DW configuration cannot account for
the strongly temperature dependent low field contribution
to the magnetoresistivity in antiferromagnetically coupled
magnetic multilayers.
In order to explain the strong variation of the DW
magnetoresistivity at low temperatures, one has to go
beyond the classical approach [9]. A possibility is to
link the observed phenomena either to standard, disor-
der related, weak localization effects or to scattering by
isolated spins. Our experimental results are in conflict
with both scenarios since the resistivity correction with
and without magnetic field is different when applying the
magnetic field along the hard or along the easy axis (see
Fig. 3b). Moreover, we observe that ρ(T,H) is different
when the magnetic field is changed at low temperature
(4.2K) or at high temperature (T > 150K). Finally, we
observe some asymmetry in the ρ(T,H) data taken for
fields with the same amplitude but applied along different
directions (see data for H = 100Oe and H = −100Oe in
Fig. 2a).
Both [10] and [11] predict a destruction of weak elec-
tron localization by the domain walls, although the de-
tails of the destruction mechanism are different. Direct
application of these models results in a sign of the DW
magnetoresistivity which is opposite to the sign of the ex-
perimentally observed magnetoresistance. However, the
sign of the localization correction may be reversed due
to strong spin-orbit (SO) scattering (anti-localization)
[26]. The suppression of the weak localization correc-
tions by a DW, predicted in [10, 11], is related to the
effective gauge potential created by the domain wall. In
contrast to the electromagnetic vector potential, which
can be linked to an external magnetic field, the gauge
field depends on the spin, giving rise to a different influ-
ence of the domain wall on the different components of
the so-called Cooperon [11]. Our measurements are con-
sistent with an anti-localization effect in the absence of
DWs (H > 300Oe) which is suppressed in the presence
of DWs (H = 0). The appearance of anti-localization
is due to the SO scattering which suppresses the triplet
Cooperons and does not affect the singlet Cooperon [23].
The SO interaction should be more pronounced in the
case of multilayered structures than in single films. The
potential steps at the interfaces in combination with the
relativistic terms in the Hamiltonian may produce strong
SO scattering. The corresponding theory for the inter-
face SO interaction has been proposed by Bychkov and
Rashba [27]. In the case of Fe/Cr multilayers the po-
tential steps are about 2.5 eV for the majority electrons,
and one can expect a significant SO scattering from the
interface. In case of strong SO scattering the magne-
toresistance is caused by the destruction of the singlet
Cooperon by the gauge field of the DWs. The model [10]
predicts a suppression of all components of the Cooperon,
while the approach of Lyanda-Geller et al. [11] relies on
the suppression of some of the components.
When ℓ≪ D, we can characterize the system in terms
of a local conductivity, which is defined as an average
over distances larger than ℓ but smaller than D. For the
local conductivity inside a DW we can estimate the local-
ization correction that is determined by smaller diffusive
trajectories with size L < D as well as by large trajec-
tories D < L < Lϕ. Lϕ is the phase relaxation length
governing the destruction of the interference effects. The
localization corrections associated with the small trajec-
tories are suppressed by the gauge field since they are
located within the DW. The contribution of large trajec-
tories to localization is small, and for strong spin-orbit
scattering the local conductivity within a DW is
σDW ≃ σ0 +
e2
4π2h¯
[
1
ℓ
−
(
1
L2DW
+
1
L2ϕ
)1/2]
, (1)
where LDW is the characteristic length which is deter-
mined by the influence of the gauge potential A. Its
magnitude can be estimated as A ∼ 1/D, and conse-
quently LDW ∼ D.
Since the anti-localization correction without DW is
σ ≃ σ0 +
e2
4π2h¯
(
1
ℓ
−
1
Lϕ
)
, (2)
we are able to estimate the difference in magnetoresistiv-
ity due to the DWs as
σDW − σ ≃ −
e2
4π2h¯
[(
1
L2DW
+
1
L2ϕ
)1/2
−
1
Lϕ
]
(3)
by taking into account that σDW − σ ≃ −∆ρDW σ
2.
The most important feature of our evaluation of the anti-
localization effects is the fact that the correction to the
local conductivity is determined by the gauge field inside
the DW. If the current flow crosses the DWs, the correc-
tions to the local conductivity, calculated for a narrow
region inside a DW, show up in the sample resistance.
We can also estimate the influence of an external mag-
netic field of 300Oe and of the internal magnetization
on the localization corrections. These effects are small
when the magnetic length lH ≡
√
h¯c/(eH) ≫ ℓ. For
H = 300Oe, lH ≃ 1.4× 10
−5 cm. Assuming the internal
magnetic induction B = 2T (typical value for Fe), we ob-
tain the corresponding length lH ≃ 1.8×10
−6 cm. On the
other hand, the mean free path ℓ ≃ 10−7 cm. Thus, both
the external magnetic field and the magnetization are
unable to effectively suppress the anti-localization cor-
rections.
We are able to fit our data to Eq. (3) when we as-
sume that LDW is independent of temperature and that
the phase breaking length Lϕ varies with temperature
according to a power law Lϕ ∝ T
−p/2 [23]. On the other
hand, we have to introduce an additional (constant) shift
of the data which takes into account the change of the
5resistance due to the variation of the angle between mag-
netic layers. It is important to note that the three dif-
ferent fits presented in Fig. 2b correspond to the same
fitting parameters (with p = 3/2), except for the param-
eter which describes the magnetic contrast (LDW ). We
find that the effective DW width LDW becomes about 2.5
times larger when the magnetic field is increased from 0
to 200Oe.
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